Introduction {#Sec1}
============

Aseptic loosening and hip dislocation remain two of the main complications of total hip arthroplasty (THA). Positioning of acetabular component is a central factor for preventing these complications \[[@CR1], [@CR2]\]. Suboptimal placement of the acetabular component in THA can lead to hip instability, impingement, increased wear and reduced range of motion \[[@CR3]\]. The conventional methods of using pre-operative radiographs for pre-operative planning and standard surgical instrumentation are not very accurate and depend on surgeon's experience \[[@CR4]\]. In complex primary THA like malunited acetabulum fracture and ankylosed hip, the cup size and placement in correct orientation can be challenging.

Computer-assisted surgery (CAS) techniques are evolving to make surgical procedures more accurate. Although CAS systems improve the accuracy of cup placement \[[@CR5]\], they are having drawbacks such as increased operative time, higher cost, increased complexity of the procedure, need to change patient's position during the procedure and difficult referencing. Recently, rapid prototyped patient-specific guides have been created for cup placement designed from pre-operative computed tomography (CT) scans. Designing patient-specific instrumentation based on patient's unique bone morphology from CT scan is an improvement over generic instruments by minimizing errors from standard surgical instruments that depend on patient positioning, pelvic orientation, surgical exposure and surgeon's experience \[[@CR6], [@CR7]\]. However, they require removing more soft tissue around acetabular rim, which add to the surgical time and still have challenges to achieve good accuracy.

Our objective was to study design characteristics and accuracy of patient-specific acetabular jig for guiding cup placement.

Materials and Methods {#Sec2}
=====================

This prospective randomized control study was conducted on patients with various hip disorders, who presented to our institute from October 2015 to March 2017. All adult patients indicated for total hip replacement were included in this study with patients having any metallic implant in the vicinity of operative hip distorting pre-operative CT scan images and revision total hip arthroplasty were kept under exclusion criteria. Thirty-six hips satisfying the following inclusion/exclusion criteria were randomized into two groups; 18 each in Group-A (Cases) and Group-B (Control group) using computer randomization software. In Group-A, CT based virtual surgical planning to design patient-specific acetabular jigs was done and 3D printed jigs were used to guide cup placement during surgeries, while in Group-B, conventional method of templating on X rays and cup placement was used. Informed consent was obtained from all the participants in the study. Ethical clearance was taken from institute ethical committee prior to the beginning of this study with institutional review board (IRB) clearance number F.NO./11/IEC/MAMC/2015/317.

All patients were operated under regional anesthesia in lateral position by the posterior approach to hip operated by a single surgeon. A pre-operative dose of tranexamic acid was given according to the weight of the patients.

Methodology {#Sec3}
-----------

Antero-posterior radiograph of bilateral hip with thighs of each case was done in both groups for x-ray based templating. The simplified methodology is depicted in the flowchart (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Flowchart of methodology

### Group-A {#Sec4}

The workflow in Group A is shown in Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}. All the patients in Group A had undergone NCCT (Non-contrast computed tomography) scan of pelvis with bilateral hip with 1 mm cuts and DICOM (Digital Imaging and Communication in Medicine) images obtained were imported in Mimics software (version 17.0). A virtual 3D model of the pelvis with subtracted femur bones was generated, which was imported in 3-matic software (version 9.0) as Stereolithography (STL) file. Contralateral unaffected acetabular cavity was marked using "brush mark" command. A fitting sphere based on marked acetabular surface was made using "create analytical primitive" and "convert analytical primitive to part" commands. The diameter of this sphere represented the cup size. A second sphere of 5 mm larger diameter than the previous sphere was made surrounding the 1st sphere. The second sphere was made hollow using "hollow" command with 5 mm rim. It was then trimmed into a ring of 5 mm width which surrounded the acetabular rim. The ring was mirrored to affected side by "mirror" command using mid-plane as reference. The orientation of the ring was checked with respect to inclination and anteversion. Antero-inferior part of the ring was trimmed off with reference to the posterior end of the transverse acetabular ligament (TAL).Fig. 2Creation of 3D model of pelvis from NCCT pelvis and marking of contralateral acetabular cavityFig. 3Designing of acetabular jig using marked acetabulumFig. 43D printing of acetabular jigFig. 5Using acetabular jig intra-operatively for guiding cup placement

An attachment structure (small contoured plate) was designed over postero-superior aspect of acetabular rim using "create curve" and "design plate" commands. This was merged to the ring by "Boolean Union" command to complete the acetabular jig. Holes of 2 mm diameter were made in the attachment structure for k wire fixation of the jig (when used intra-operatively). The virtual jig was then exported as STL file and 3D printed in polylactic acid (PLA) material. The 3D printed jig was autoclaved and used as a guiding tool for cup placement. Acetabular osteophytes have to be removed and jig was used after removal of osteophytes. Jig is placed over postero superior aspect of acetabulum with the help of a plate attached to the jig through k wires. Virtual pre-operative planning is done accordingly that plate matches the contour over the posterosuperior aspect of acetabulum and is placed over the desired area fitting the contour and fixed with k wires after removing osteophytes of acetabulum. After its proper seating, ring part of jig surrounds posterosuperior rim of acetabulum for guiding of cup placement. Then acetabulum was reamed and acetabular cup was placed using the jig as a guide for orientation. Required anteversion and inclination is achieved using jig as a reference.

### Group-B {#Sec5}

Conventional total hip arthroplasty protocol was followed. Pre-operative X-ray based templating was done to decide the component size. Placement of Acetabular cup was based on conventional/standard instrumentation and surgeon's judgment.

Post-operative antero-posterior radiograph of pelvis with bilateral hip in 100% magnification was done in both the groups for assessment.

A comparison was done between the two groups on surgical duration, surgical time for cup placement and blood loss intra-operatively. Post-operatively inclination and version of acetabular cup were assessed on post-operative radiograph. The position of hip centre on the replaced side was compared with the unaffected side in both groups by measuring acetabular offset and hip length and the difference was measured \[[@CR8]\].

Angle of anteversion was calculated using the formula given by Pradhan et al. \[[@CR9]\]. Also, notes were made regarding difficulties faced in placing the jig during surgeries as well as design modifications required.

Statistical tests were performed using statistical package for social sciences SPSS 21.0 software.

Analysis of all parameters was done after evaluating whether the data was normally distributed or not. Normality of data was tested by Kolmogorov--smirnov test. Data in which assumptions were fulfilled, we have used independent t test for comparison of quantitative variables between two groups. Data in which assumptions were not fulfilled, we used Mann--Whitney *U* test for comparison. Chi-square test has been used for comparing parameters in which outcome/data is ordinal i.e. not continuous (qualitative data). A *p* value less than 0.05 was considered statistically significant.

Observation and Results {#Sec6}
=======================

From October 2015 to March 2017, thirty-six patients had undergone total hip replacement under two groups (A and B) and following data (Table [1](#Tab1){ref-type="table"}) were collected, evaluated and assessed. Design characteristics of acetabular jig evolved during our study with many variations and we arrived at a design characteristic for acetabular jig which should be a one-third ring over postero-superior aspect of acetabulum rim of 5 mm thickness for guiding cup placement. That ring has an attachment part made of a plate with 1 cm thickness matching contour of postero superior surface adjacent to acetabulum where it is seated and fixed with two k wires through the holes created in plate for k wire fixation.Table 1Table of summary of findings in both case and control groupS no.Average value of parameters evaluated in our studyCase groupControl group1Blood loss519.44 ml495.56 ml2Surgical duration99.39 min92.33 min3Surgical duration of cup placement55.22 min51.56 min4Angle of inclination43.28°44.11°5Angle of anteversion14.22°13.42°6Difference of caetabular offset between normal and replaced hip0.02220.02787Difference of hip length between normal and replaced hip0.01670.15

Surgical duration in Group-A and Group-B with mean values was 99.4 and 92.3 min, respectively. Total blood loss in Group-A and Group-B with mean values was 519 ml and 496 ml, respectively. Mean surgical time for cup placement in Group-A and Group-B was 55 min and 52 min, respectively. The surgical duration and blood loss were more in Group-A than Group-B, but the difference was found to be statistically insignificant indicating that acetabular jig technique does not increase surgical invasiveness and blood loss significantly. Average angle of inclination measured on post-operative X-ray in Group-A and Group-B was 43.3° (range: 38°--46°) and 44° (range: 34°--50°), respectively, with a difference of 0.83 ± 1.64. Average angle of anteversion calculated from post-operative X-ray in Group-A and Group-B was 14.2° (range: 8°--27°) and 13.4° (range: 5°--36°), respectively, with a difference of 0.8 ± 3.3. The angle of anteversion in Group-A were more in the centre of the safe range with less variability and outliers than Group-B. Coefficient of variation in Group A is 0.327 as compared to 0.593 in Group B.

Difference in acetabular offset between replaced hip and contralateral hip was evaluated and compared between cases and control as an indicator of accuracy in creating hip centre as compared to contralateral normal hip centre. Mean difference in Group-A and Group-B came out to be 0.022 mm and 0.028 mm, respectively. Mean difference in Group-A and Group-B came out to be 0.017 mm and 0.15 mm, respectively. Although center of rotation in group A was more accurately close to the original hip center as compared to group B, difference was not significant probably due to small sample size.

The size of cup used intra-operatively matched the planned size on CT based 3D model in all the 18 hips in Group-A, while in Group-B, discrepancy between size determined from x-ray based templating and actual cup placed was found in 6 out of 18 hips.

Discussion {#Sec7}
==========

Premature implant failure in total hip arthroplasty requiring revision is a limitation, often resulting from poor implant placement \[[@CR4], [@CR7], [@CR10]--[@CR14]\]. The inclination and anteversion of the acetabular component, and the anteversion and the offset of the femoral component are important for longevity in THA because malposition of the components can lead to post-operative limitation of activities of daily living, dislocation wear issues at the articulation, and aseptic loosening \[[@CR11], [@CR15]\]. In our study we evaluated accuracy of actebular cup placement guided by 3D printed jig and got an average angle of inclination measured on post-operative x-ray in Group A and Group-B was 43.3° and 44°, respectively, and average angle of anteversion calculated from post-operative x-ray in Group-A and Group-B was 14.2° and 13.4°, respectively, with the difference of cup placement being 0.83° ± 1.64° for inclination and 0.8° ± 3.3° for anteversion. James et al. studied the accuracy of acetabular component using computer navigation and found out that the accuracy of cup placement (mean ± standard deviation of the absolute difference between computer-assisted navigation and CT) was 1.8° ± 1.2° for inclination and 2.0° ± 2.0° for anteversion \[[@CR16]\]. Ernst et al. did a similar study for evaluation of cup placement by computer navigation assisted technique and found an average inclination of 42.3° and an average anteversion of 24.5° in the computer-assisted study group and an average inclination of 37.9° and an average anteversion of 23.8° in the freehand group \[[@CR17]\]. Although the accuracy of cup placement increased significantly with the above methods, cost is also increased significantly with the use of this technique. Xiau et al. used iPhone technology in improving acetabular component position in total hip arthroplasty and found the difference in inclination angles using iPhone application compared with the freehand method to be statistically significant in the "untrained group" suggesting a potential role for iPhone applications in junior surgeons in overcoming the steep learning curve \[[@CR18]\]. Nicholas et al. studied positioning of acetabular component using anatomical landmarks (Ilium, superior pubic ramus and superior acetabulum) which used to define a plane allowing orientation of cup in abduction and anteversion on 24 cadaveric acetabulum and 617 primary total hip arthroplasties performed between 1996 and 2003 but it had limitation of being very little useful in dysplastic hips or post acetabular fracture where anatomical landmarks have been distorted \[[@CR19]\]. Preoperative planning by reviewing the clinical and radiographic findings of a patient before surgery is standard of care in joint arthroplasty guiding a surgeon through the entire procedure while achieving optimal and reproducible results. Currently, implant placement in THA relies on navigation, crude instrumentation, or exclusively on a surgeon's intraoperative assessment of limited anatomic landmarks with the use of generic, mechanical instruments designed for all patients with differing severities of pathology and unique anatomy \[[@CR20]\]. The most widely used method of placing a cup involves planning the surgery with preoperative radiographs and attempting to reproduce the plan with standard surgical instruments which fail to account for a patient's unique pelvic anatomy and position on the operating table (OT). Transferring the plan from the radiographs to the OT can be difficult due to a patient's unique anatomy and the differences defined by Murray between radiographic, operative, and anatomic planes of version and abduction \[[@CR21]\]. Surgeon experience using an alignment guide attached to a reamer handle is used to obtain 45° abduction referencing the floor and 20° anteversion referencing the longitudinal axis of the patient. Assessing the position of the pelvis relative to the patient and the OT using standard instruments can lead to malpositioned acetabular components \[[@CR20]\]. For acetabular components, the safe zone for orientation is 15° ± 10° of anteversion and 40° ± 10° of inclination \[[@CR3]\]. Accurate acetabular cup positioning in THA decreases the risk of dislocation, impingement, and all component wear rate \[[@CR20], [@CR22], [@CR23]\]. Defining 3D relationships at the time of surgery for acetabular bone preparation can be difficult, especially when there is significant bone deformity, even by most experienced surgeons.

Technologies including intra-operative computer navigation and preoperative computer-assisted surgical planning with the fabrication of patient-specific instruments (PSI) based on a patient's unique bony morphologic features of the acetabulum from a computed tomography (CT) scan is an improvement over generic instruments by minimizing sources of error from standard surgical instruments that depend on appropriate patient positioning, pelvis orientation, exposure, and surgeon experience and by accomplishing acetabular orientation in 3 dimensions improving bone preparation and component positioning \[[@CR20]\]. But surgical navigation for THA has its own drawbacks like higher cost, increased duration; need to change patient position during surgery, difficult referencing and increased complexity of procedure.

Various authors have used virtual planning for making surgical guides in different ways to aid in component positioning. Buller et al. used CT scan based three dimensional pre-operative planning software for designing patient-specific implant and instrumentation (PSI) and reported increased precision in comparison to standard technique. However, the study was done on saw bone and hence lacked consideration of factors like exposure and soft tissues. Sakai et al. conducted a cadaveric study to evaluate patient-specific surgical guides for neck cut and cup positioning \[[@CR24]\]. Travis et al. \[[@CR20]\] also reported significantly greater accuracy using 3D preoperative planning along with PSI than traditional planning and instrumentation.

In our study, 3D printed jigs were of low cost (4-6 USD each) and apart from designing the jigs, we also determined cup size on 3D model, which matched with intra-operative cup size in all the 18 hips of group-A. The virtual planning also helped us in knowing the altered anatomy like bone loss, locations of osteophytes, depth of acetabulum etc. and hence made us better prepared for surgeries. The acetabular jigs designed in our study for group-A patients were patient specific. Although the placement of jig required a bit more exposure on postero-superior region of acetabulum, its placement was an easy task. Acetabular jig composed of PLA (polylactic acid) can be sterilized by many methods including heat sterilization method either with saturated steam at 125 °C to 130 °C for around 20 min or hot air at 160 °C for 2 h, respectively. Other methods used like gamma irradiation, UV irradiation, ETO (ethylene oxide) are also used but are known to change the property of material. Under standard autoclave, PLA tends to be more brittle rather than deformed and its brittleness increases with number of time it is autoclaved, as experienced in many other studies. We used standard autoclave method and experienced the same. But autoclaving PLA in our study had no deterrent effect in our study as we used it as a guiding jig and was not exposed to any external forces.

The difference in blood loss and surgical duration was statistically insignificant indicating that the jig can be used with only minimal increase in duration and blood loss. Flordal et al. studied 212 patients undergone total hip replacement surgery and estimated average surgical duration of 89 min \[[@CR25]\]. Despite of a good subjective impression of the virtual method, the statistical significance was not reached with respect to the accuracy of cup placement. This may be attributed to the few limitations of our study including small sample size, diverse indications and inhomogeneous level of complexity in both groups. This technique may not be useful in bilateral cases where acetabular landmarks have been distorted. But in cases like bilateral avascular necrosis of femoral head where acetabular landmarks are not distorted, this technique can be useful in bilateral cases. During the course of our study there were some modifications in design of acetabular jig which were mainly of the attachment part which only limited the exposure. Guiding arc of this jig was not changed hence the results of our study were not supposed to be affected by these variations. Although a study with a large sample size with our final jig design is required to obtain more significant results.

The mean angle of anteversion and inclination in both groups in our study lied in safe range. However, the values of the angle of anteversion in group-A were noted to have less variability with less outlier than group-B suggesting a clinical advantage of the jig in guiding cup placement. The jig was particularly more useful in conditions where the anatomical landmarks were distorted like in malunited acetabular fractures and bony ankylosis of hip.

Our initial experience with the use of virtual planning for patient-specific 3D printed jig has been promising. We believe a large sample size study is warranted for validation of our study.

Conclusions {#Sec8}
===========

3D printed acetabular jig were found to match the surface of patient's pelvic bone precisely without increasing surgical morbidity. Acetabular cup placement under the guidance of acetabular jig maintains angle of inclination and anteversion within safe zone recommended for maximum hip stability and keeps centre of rotation closer to original hip rotation centre. However, a large homogenous sample size study is warranted to further validate our initial experience with this jig.
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